Objective: This study examined electrophysiological indices of preparation (readiness potential, RP) and execution (movement-associated potential, MAP) during automated and controlled reaction time (RT) in 13 chronic tic disorder, 17 habit disorder, and 14 control participants.
T ics are defined as repetitive nonvoluntary contractions of functionally related groups of skeletal muscles in one or more parts of the body. Simple tics include blinking, cheek twitches, head or knee jerks, and shoulder shrugs. [1] [2] [3] Complex tics involve sequences of movements and may also take the form of repetitive actions or mannerisms such as gestures and dystonic postures involving limbs, face, head, torso, or extremities. The Diagnostic and Statistical Manual of Psychiatric Disorders (DSM-IV) distinguishes between chronic Tic Disorder (TD) with one principal motor or phonic tic and Gilles de la Tourette Syndrome (TS) with multiple tics and at least one phonic tic. Habit Disorders (HD) is a term covering a variety of destructive impulsive habits including trichotillomania, bruxism, onychophagia, and scabiomania. There seems to be a consensus among researchers that TD and TS share enough common aspects to be considered on a continuum of severity. 4 There has been controversy about current criteria for TS, 5, 6 but the diagnosis of TS is currently dichotomous, not dimensional, and depends crucially on the existence of a vocal tic.
TD and HD have been viewed as part of the ObsessiveCompulsive Disorder (OCD) spectrum. 7 Although TD and HD have been compared independently with OCD, there has been little systematic inquiry into the common or distinguishing features between TD and HD. The tension-reducing or emotionregulating function of both tics and habits would suggest the presence of a heightened state of behavioral activation or arousal, 8 ,9 but we do not know if there is also heightened cortical arousal. Although several electrophysiological studies have specifically investigated the TS population, none has specifically compared patients with TD/TS and HD.
Neuropsychological research with TS patients consistently reports problems in visuomotor integration and motor skill tasks such as the Purdue and Groove Pegboard in children, 10, 11 preadolescents, 12 and adults. 13 More direct evidence, based on fMRI studies of the motor cortex in five patients with TS, has reported a heightened arousal of the sensorimotor and supplementary motor area.
14 Consistent with this finding, Ziemann, Paulus, and Rothenberger 15 reported decreased motor inhibition following transcranial magnetic stimulation at the level of the motor cortex. Previous studies have measured gross motor output but failed to consider different stages of processing such as motor preparation and execution. Moreover, there is little information on how motor output (reaction time) relates to electrocortical activity in these populations. Recruitment of larger portions of sensorimotor cortex in the execution of a finger-tapping task suggests a distinct pattern of motor cortex arousal in patients with TS as compared with controls, but impaired motor regulation could be caused by problems in planning and/or executing motor activity.
Motor action itself can be decomposed into different stages, each associated with a distinct cortical event-related potential (ERP) component. For instance, ERP components such as the readiness potential (RP) and movement-associated potential (MAP) are thought to reflect, respectively, processes of response preparation [16] [17] [18] and response execution. 19 The RP typically shows a slow negative-going deflection within 1 second before movement and maximal at the precentral motor cortex. The RP precedes voluntary movement and is largest when preparation for movement involves planned effort. 20 RP seems higher during activation of selective complex responses, particularly during performance of sequential complex finger movements. 21, 22 It is nearly or entirely absent during reflex actions, 23 although tics themselves may sometimes appear semivoluntary with accompanying RP. 24, 25 Movement itself produces a potential maximal over the vertex called the movementassociated potential (MAP). The MAP represents a composite index of precentral cortex motor activation while generating the pyramidal tract volley following response and may also be a function of reafferent and proprioceptive feedback to cortical areas from subcortical structures. [26] [27] [28] In accordance with the stage model, motor processing begins with a planning stage, involving a generalized motor program. A preparation stage ''tunes'' the response, and an execution stage with decreasing degrees of freedom accompanied by error correction, if necessary, terminates in an action endpoint. 29 The preparation stage, then, does not necessarily overlap with the execution stage. The separate localization of preparation-related potentials and execution-related potentials during hand movements have been reported by Leuthold and Jentzsch. 30 RP shows higher amplitude in the sensorimotor areas, whereas MAP are localized more posteriorly. Hence RP and MAP measures appear as independent processes, but their electrocortical topography is sensitive to type of planned motor execution. 31 In particular, the parameters of movement may vary depending on whether the intended action is controlled or automated. All movements involve some degree of controlled and automated components, but these components may be differentially emphasized depending on task demand and complexity of the act required. The key influence on whether controlled or automated planning has priority seems related to the complexity of movement. 32 There is evidence that separate cortical systems are linked to automated timing (motor and premotor circuits) and cognitively controlled tasks (prefrontal and parietal circuits). 33 Thus, anticipation of the nature of the act, its complexity, and consequences becomes of paramount importance in determining preparation and enactment of controlled acts.
Repetitive (automated) motor action can, as a part of its feedback system, affect limbic reward centers by stimulating the hippocampus through limbic cholinergic pathways. 34, 35 An automated action is more likely to augment or at least persist under stress or high arousal because an indirect consequence of feedback from stimulation of limbic cholinergic pathways may be a stress reduction effect. 36 In other words, chronically high levels of arousal may predispose the tic affected person to perform automated ballistic actions as a way of trying to regulate proprioceptive (sensory) feedback on state. Under conditions of stress, the person with a tic may find it more difficult to initiate a controlled action and to stop an automated action. This hypothesis was partially supported in previous studies examining automated and controlled performance during countermanding stop and go paradigms. 37, 38 These studies reported that whereas the control group showed faster reaction time (RT) for automated than controlled response conditions, the TD group showed no condition effects. 37 Furthermore, O'Connor et al 38 reported no differences among TD, HD, and control groups in go reaction time (GO RT) but a difference in the ability to inhibit an automated response (STOP RT) as reflected in a slower STOP RT to automated than controlled responses in the TD group. The control group (CON) showed a practice effect over time in both STOP and GO RT, whereas the patient groups showed no practice effect in either STOP or GO RT over two trial blocks. The results were interpreted as showing that in TD there is a difficulty in modulating motor arousal level in accordance with task demand and that such patients have a tendency to be chronically overaroused. In the present study, we extended our investigation to include electrocortical measures to investigate the time course of brain activation related to automated and controlled processing.
The primary aim of the current report was to examine the electrocortical chronometry of motor processing in clinical groups affected with either TD or HD compared with a nonpsychiatric CON group, as recorded before (RP) and during (MAP) the generation of controlled and automated RT. In accordance with our previous RT results and with brainimaging studies, we hypothesized that the TD and HD group would show a heightened cortical arousal compared with the CON group, and consequently, (1) the TD and HD group would show no systematic difference in RP or MAP peak latency or amplitude between automated and controlled performance, whereas the CON group would show a significant difference in both RP and MAP peak latency and amplitude between automated and controlled response conditions, and (2) the TD and HD group would show no practice effect for either the RP or MAP amplitude or RT across two consecutive trial blocks because of a ceiling level effect of arousal, whereas the CON group would show an increase in RP and MAP amplitude and a shorter RT on the second compared with the first trial block. The second aim was to explore the relationship between electrocortical indices of the planning (RP) and the behavioral execution stage (MAP and RT) in TD and HD. We predicted that the correlation between RP latency and MAP latency, and between RP latency and RT, would be lower in TD compared with the CON group, where suboptimal modulation of response planning in TD would presumably produce a more variable relationship between preparation and the processes involved in response execution. Finally, the clinical similarities between HD and TD led us to hypothesize that the HD group would also show a lower correlation between RP and MAP and between RP and RT than the CON group, thereby resembling the TD rather than the CON group.
MATERIALS AND METHODS

Participants
Participants entering a behavioral management program for tics were recruited pretreatment. Eighteen TD, 24 HD, and 24 controls (CON) originally participated in our study. After elimination because of movement artifact or technical problems, 44 participants remained (14 CON, 17 HD, and 13 TD). In the TD group were 8F, 5M (all right handed, as assessed by the Edinburgh Handedness Questionnaire), 39 age 39.54 6 11.4 years. Six had eye tics, four head tics, two vocal tics, and one shoulder tic. In the HD group, 12F, 5M (15 right handed, age 38.3 6 10.3), seven had trichotillomania, eight onychophagia, and two had bruxism. Mean chronicity of the problem in the TD group was 26.4 6 11.2 years, and for the HD group 22.3 6 9.2. In the nonpsychiatric control group were 9F, 5M (13 right handed, age 36.4 6 9.5). The patients recruited into the study predominantly suffered from one major simple or complex tic or habit disorder for which they were seeking treatment, and without significant comorbidity. Those diagnosed with chronic tic disorder scored between 2.5 and 12.0 on the global calculation of the Tourette Symptom Global Scale (TSGS), 40 which is in the mild-moderate range. Typically, apart from the presence of tics causing distress and at least some disruption of activities, social and other functioning was not significantly impaired with the exception of some degree of motor restlessness.
Participants were initially screened by telephone for suitability in terms of geographic accessibility/motivation to attend; absence of grave psychiatric or medical history; no current psychotropic medication or other psychotherapy; no current behavioral or social or familial problems; abuse of alcohol or drugs. Criteria for inclusion were age 18-60 and presenting a chronic simple/complex tic or motor habit disorder for at least 1 year and occurring daily. Those included had a diagnosis of either TD or HD as the principal presenting problem. Exclusion criteria were any major medical problem or other psychiatric problem on Axis I or II, TS severe or extreme; neurologic problems (eg, Parkinson disorder, hemifacial spasms); Meige syndrome or sclerosis; Huntington disease; currently receiving treatment from psychiatrist, psychologist, acupuncturist, hypnotherapist, or massotherapist; currently receiving anxiolytic, antidepressant, or antipsychotic medication; abuse of alcohol or drugs. After passing the telephone screening, an appointment was made with 1 of the clinical psychiatrists (E.S., F.B.) collaborating on the project for psychiatric screening. The standard psychiatric interview assessed participants according to DSM-III-R criteria and on personal history of tic disorder and severity of symptom rating using the TSGS. 40 The recognized habit disorders (bruxism, onychophagia, trichotillomania) were assessed according to recommendations in the literature (bruxism 41 ; onychophagia 42 ; trichotillomania 43, 44 ). The nonpsychiatric controls were screened for psychopathology by interview and a battery of standardized questionnaires. All participants read and, if they were willing, signed a consent form approved by the local ethics committee.
The Traffic Light Task
The traffic light paradigm 45 was a fixed 4-second foreperiod reaction time task. The 4-second warning period permitted adequate preparation for controlled and automated responses. The interstimulus interval (ISI) was constant at 4 seconds, and the intertrial interval (ITI) varied randomly between 5 and 15 seconds. The longer foreperiod permitted adequate distinction between early sensory components and ensured that RP was unconfounded by orienting processes. 21, 31 The paradigm allowed us to compare cortical events during the time to initiate an automated and controlled response. Two sets of three lights appeared side by side on a computer screen in the form of traffic lights. One set signaled an automated and the other a controlled response sequence. Each trial began with one of the two yellow READY lights signaling that in four seconds, the green GO light would appear and the participant would have to make either a controlled or an automated response. Subsequent to response initiation, on half the trials, a red STOP sign would appear, indicating that the response should be terminated. All movement parameters (fingers involved, extent of movement, type of movement) were standardized across conditions except for movement complexity. The most popular way of experimentally operationalizing response complexity is through number and regularity of key presses. 46, 47 Such response complexity effects obtained using key presses seem generalizable to other motor programs. 48 The automated response was 3 taps on a lever with the two fingers of the dominant hand (---). The controlled response was more complex and was three taps of Morse code ''dash-dotdash'' (-Á -) on another lever but using the same two fingers of the dominant hand. The Morse code sequence was identical for all participants. The controlled response differed solely in motor complexity and was equivalent to the simple response in terms of all other biomechanical and movement parameters. After a period of acclimatization of 20 trials, all subjects received two replications of 52 trials, with a short rest period between replications. The controlled and automated conditions were presented in random order across trials. Participants were requested to abstain from unnecessary movement during trial period but were not explicitly asked to suppress tics.
EEG Recordings and ERP Extraction
Scalp voltages were recorded from 4 placements (Ag/AgCl electrodes) at Fz, C3, C4, and Pz (10-20 system) to give a topographical and lateral view of the signal distribution and obtain EEG signal from the motor cortex. The vertical and horizontal eye movements were monitored through two electrodes placed at the external canthi. All electrodes were referenced to linked earlobes and were grounded at Fpz. Impedance was kept below 5000 V for all recordings. The signal was fed through Grass preamplifiers (model 12c) with pass-band filter between 0.01 and 100 Hz (10 seconds time constant) at a sampling rate of 250 Hz. EOG was corrected offline in the frequency domain (Woestenburg method InstEP-TALO). The raw EEG signal was automatically averaged offline, time-locked to the response with digitally marked criteria (which is accepted procedure for RP analysis) in two replication blocks of the two conditions (controlled/automated). The two response levers for automated and controlled response were side by side and were part of the same box assembly. They input into the same display and permitted a continuous analogue input to monitor both the response and screen for any anticipatory responses. The levers modulated a voltage level that was input into a Grass amplifier. The two lever channels and an additional digital signal marker channel were recorded in synchrony with the ongoing EEG signal. The criterion for motor response onset and hence RT calculation was a nontransient change in voltage from baseline in the analogue input. The GO RT was calculated automatically, and the RT criterion was verified offline with a digital marker set manually to exclude incomplete and premature responses. The traffic light test was conceived as a countermanding paradigm intended to measure ability to countermand a response already undertaken (STOP RT). Previous results have supported the validity of the test to elicit differences in STOP RT between TD and controls. 37, 38 However, recording ERP before STOP RT is impossible because the response is already under way. Hence, the ERP analysis in the present study was limited to the period preceding GO RT onset.
Trials with behavioral and recording artifacts not caused by EOG (amplitude not exceeding 150 mV), and anticipatory or partial responses were eliminated through offline editing by an experienced EEG technician (M.R.), who was blind to group membership and the research hypotheses. There were no significant differences between groups in number of trials included for averaging. The RP amplitude was scored as the highest negative point within a window of 400 milliseconds before the initial GO-response onset. The maximal peak RP can occur at any point within the 1000 milliseconds preceding the GO-response, but preliminary visual analysis suggested that a window of 400 milliseconds was sufficient to detect all peak RP in our sample. If a peak was not detectable, the trial was eliminated. The MAP amplitude was scored as the highest 
Statistical Analyses
The RT, RP, and MAP data were subjected separately to a repeated-measure ANOVA with conditions (automated/controlled) and replication blocks (first/second repetition) as within-subjects factors and groups (HD/TD/CON) as a between-subject factor. Specifically for the electrophysiological data, the 4 leads (Fz, C3, C4, Pz) constituted an additional within-subject factor. In all analyses, the significance level was set at 5% (two-tailed) with Greenhouse-Geisser corrections for degrees of freedom where necessary and Scheffé tests for posthoc comparison.
Separate correlation (Pearson) analyses were applied to assess the correlation between behavioral (RTs) and electrocortical responses (RP and MAP latency). The relationship between these variables was further explored through a linear regression analysis with the RTs as the predictor (independent factor) and the RP latency as dependent variable. Separate linear regressions were also conducted with the MAP latency and RT.
RESULTS
Behavioral Data
The GO reaction time (RT) results presented in Table 1 mirrored previous findings. 38 There were no overall group or condition effects. Only the CON group showed a practice effect with reduced RT over blocks (F[1,13] = 4.45, P , 0.04). Most importantly, there was a significant group-bycondition interaction (F[2,41] = 4.01, P , 0.03). A subsequent ANOVA, comparing TD and CON groups, revealed that the interaction was mainly caused by the difference between TD and CON, which produced a significant group-by-condition interaction (F[1,25] = 7.31, P , 0.02). However, the ANOVA comparing HD and CON groups showed no significant interaction (F [1, 29] = 0.358, P = 0.55). Figure 2 illustrates the CON group's higher MAP amplitude under automated compared with controlled response conditions across both blocks, an effect significant in all but one electrode site (Fz, P , 0.02; C3, P , 0.13; C4, P , 0.03; Pz, P , 0.01). The HD group FIGURE 2. Group comparison based on peak amplitude (mV) of the MAP, pooled across electrode locations, as a function of controlled and automated condition. The CON group showed higher amplitude under the automated condition, which was not the case for the TD. showed the same pattern of results than the CON, but there were no significant condition differences for all electrode sites (Fz, P , 0.10; C3, P , 0.19; C4, P , 0.08; Pz, P , 0.13). The TD group showed a nonsignificant inverse tendency with larger MAP amplitude in the controlled than in the automated condition (Fz, P , 0.23; C3, P , 0.08; C4, P , 0.15; Pz, P , 0.77).
Electrophysiological Data
These group differences in MAP amplitude were reflected more significantly in the discrepancy between RP and MAP amplitude across groups (Fig. 3) . This difference measure (RP minus MP peak amplitude) showed a significant group-by-condition effect (F There was a significant positive correlation between RP and MAP peak amplitude for both automated and controlled conditions in both HD and CON groups for all electrode sites (P , 0.01). Nevertheless, there was no systematic correlation in the TD group.
Peak latency of MAP showed an electrode effect (F[2.50,104.97] = 2.66, P , 0.05) that revealed a longer latency at Pz in comparison with the Fz location (F Z versus P Z : t[44] = 2.02, P = 0.04). A significant group-by-condition-byblock effect (F[2,41] = 4.45, P , 0.02) showed that, for the CON group, MAP latency was longer in controlled than in automated conditions, but only in the first block of trials (t[13] = 4.62, P , 0.001). Under the automated response condition, there was no difference in latency between groups. In the controlled condition, however, the Scheffé post-hoc test revealed that the CON group showed longer MAP peak latency than the TD (P , 0.02) and HD (P , 0.03) groups, but, again, only during the first block of trials (see Table 2 ).
Peak Amplitude of the RP
In the control group the RP amplitude showed an expected laterality effect with maximal negativity on the side contralateral to the response, C3 versus C4 (t[13] = 1.72, P , 0.05, one-tailed). During the second block of trials under the automated condition, the CON group had a larger RP amplitude than the other two clinical groups, leading to a groupby-condition-by-block interaction (F[2,41] = 3.29, P , 0.05).
Peak latency of the RP showed a significant group-bycondition-by-electrode interaction (F [5.03,105 .58] = 3.28, P , 0.008). In the controlled condition there were no significant group differences, but in the automated condition the CON showed shorter peak latency than the two clinical groups (F[2,41] = 3.22; P , 0.05) at the central (C4) and parietal (Pz) region (Table 3) . 
Relationships Between Behavioral (RT) and Electrophysiological (RP, MAP) Measures Regression Between RP Peak Latency and RT
The CON group showed a linear relationship between RP latency and RTunder automated and controlled conditions in all electrode sites. The HD and TD groups showed no linear relationship between RP latency and RTunder any performance conditions (Table 4 ). This latter finding was not confounded by heterogeneity of variance across groups and represented a genuine difference in association between response time and preparation processes in the clinical groups. The ranges of linear regression R 2 coefficients for the controlled and automated conditions, across channels, and for each group are given in Table 4 and illustrated in Figure 4 (a, CON; b, HD; c, TD) .
In sum, the TD group showed no correlation between electrocortical and behavioral processes engaged in motor preparation and those reflecting execution of the motor responses. In the CON group, these two stages were highly associated. The HD group fell midway between TD and CON groups.
Regression Between MAP Peak Latency and RT
There were no significant correlations between MAP peak latency and RT for any group. All groups likewise showed no linear relationship between MAP latency and RT under either condition for any electrode site.
DISCUSSION
We initially hypothesized that the TD group would show less consistent differences between automated and controlled conditions and no habituation of either the RP or MAP across trial blocks. Results revealed that the CON group was better able than the clinical groups to modulate RP and MAP peak amplitude in accordance with practice and task demand. For instance, the effect of practice in the CON group was to shorten RT and increase RP and MAP peak amplitude. The CON group also showed larger MAP amplitude in the automated condition, so indicating that execution of the response was more readily achieved under automated processing. This would concur with previous findings indicating that under normal conditions, MAP amplitude varies inversely with extent of motor programming. 49, 50 Peak RP latency of the CON group was earlier for the automated condition, and the peak MAP latency onset was later for the controlled condition. The HD group showed a similar but nonsignificant pattern to the CON group. In the TD group, however, the pattern across conditions was the reverse of that in the CON group (see Fig. 2 ) but also nonsignificant. Effectively, we can conclude that in contrast to the CON group, neither clinical group showed a systematic distinction in either preparatory or motor associated responses between controlled and automated responses. All groups showed expected amplitude variations over frontal versus parietal regions; however, electrode placements were not sufficient to permit a full mapping procedure.
The lack of a systematic condition or practice effects in TD and HD groups could suggest a ceiling level of cortical arousal, perhaps induced by impaired dopamine modulation. [51] [52] [53] Alternatively, the difficulty in TD may be to inhibit nonrelevant activation, which would impede selective efficient preparation for the corresponding response execution, particularly under complex task demand; this problem may be exacerbated as the planned act becomes more complex, requiring more open-loop control and control of more parameters. 54 Although the RT results reflected differences in practice effects between groups, there were no overall group differences in GO RT. There was a nonsignificant trend in all groups toward expected longer GO RT to controlled than to automated conditions during the first block of trials. The current traffic light task was designed as a countermanding paradigm rather than as a go-no go or choice versus simple RT task. This task, inspired in part by previous findings showing a lack of difference between TD and controls in GO-RT, was designed specifically to elicit differences in STOP RT that have been reported elsewhere. 38 The fact that the initial response in both automated and controlled tasks was manual depression of lever (followed subsequently by complex or simple movements) rather than a button press may have lengthened RT and so masked GO RT condition effects.
We also predicted a lower correlation between electrophysiological and behavioral response measures in the TD group. The linear regression results between RT and RP peak latency revealed a strong linear association in the CON group, so indicating a temporal synchrony between central motor decisions and response times. This synchrony was absent in both the HD and the TD group, where there was no association between RP peak latency and RT under any conditions. The TD group showed no systematic relationship between RT and RP latency but also a lack of correlation between electrocortical measures of planning (RP) and execution (MAP). There was a larger difference between RP and MAP amplitude in the TD group, indicating less connection between the measures of cortical activation associated with response preparation and execution (see Fig. 3 ). The HD group fell midway between CON and TD in their relationship between behavioral and electrocortical indices of activation during planning and execution stages. Although, as noted in the introduction, RP and MAP seem generated by separate pools of neurons, 21, 22 the closer the RP to response onset, the more one might expect overlap between movement preparation and response execution processes. 27 The precise association between primary and supplementary motor areas and motor task demand remains controversial. 21, 22 Assuming a time-ordered progression of increasingly selective motor planning before response onset, one might predict that the more selective the response planning, the greater the overlap between premotor areas and motor cortex activation. Conversely, a more general or abstract level of motor planning would offer less possibility of a specific parallel activation between premotor and motor areas. The lack of association between the MAP and RT in all groups is not surprising because the MAP seems more sensitive to degree and extent of muscle activation and motor neuron excitability than to response time. 17, 55 However, our present results remain speculative because of limited lead placements.
Biswal et al 14 have previously reported recruitment of larger portions of the motor cortex in TS during finger tapping. The lack of difference between TD and CON in MAP amplitude in the present study despite a trend suggesting higher MAP and hence more muscle activation during controlled responding might be a result of the inclusion of a TD rather than a TS population.
The participants in the current study were diagnosed with TD rather than TS. However the restricted range of scores on the TSGS in our TD group was largely caused by the absence of impairment in social and other functioning in everyday life. Motor tic frequency covered the complete range (1-5) of the scale. Because tics are the defining characteristic of both TS and TD, it seems reasonable to speculate that the current results would generalize to a more severe TS group.
In clinical practice, both TS and TD patients frequently show motor restlessness and hyperactivity in their style of planning action, often attempting too much at once and creating frustration and tension. 56, 57 The current differences in cortical indices of preparation support the hypothesis that difficulties in planning actions optimally are characteristic of chronic tic disorders. In the present study, we manipulated, controlled, and automated processing in terms of straightforward motor response and through manipulating limited parameters of movement complexity. In future studies, it might be important to manipulate task demand in terms of time constraints, task load, and the amount to be accomplished to allow characteristic clinical patterns of planning difficulties to emerge within a complex motor preparation paradigm. Another clinical implication lies with the potential use of electrophysiological measures to confirm nosological categories of TD and HD. There is a benefit in distinguishing between complex tics and impulsive habits because of differential responses to treatment. The relationship between these two diagnostic categories is sometimes clinically unclear because the complex movements in HD can often resemble complex tics. However, our findings give support to a dimensional model of classification with HD falling between TD and controls along a continuum of motor arousal potentially quantifiable by ERP chronometry.
